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I 
In t roduc t ion  r 
The main purpose o f  t h i s  g r a n t  was e s s e n t i a l l y  t o  p rov ide  
suppor t  f o r  a g radua te  s t u d e n t  who was i n t e r e s t e d  i n  d i a g n o s t i c s  
of combustion as a major p a r t  of h i s  Ph.D t h e s i s .  This  g o a l  has  
been accomplished. M r .  Anthony Celentano is now,completing h i s  
t h e s i s  and , w i l l  be g radua t ing  soon. This g r a n t  provided,  i n  ad- 
d i t i o n ,  t h e  oppor tun i ty  f o r  a masters  degree  candida te  t o  f a m i l -  I 
\ 
. .  i a r i z e  himself w i th  some a s p e c t s  of combustion d i agnos t i c s .  AS \ 
far  as t h e  t e c h n i c a l  a s p e c t s  of i n t e r n a l  h igh  p re s su re  combus- 
t i o n  d i a g n o s t i c s  are concerned, a number of d i f f i c a l t i e s  developed 
i n  t h e  course  o f  t h i s  work. Those d i f f i c u l t i e s  and some r e s u l t s  
w i l l  be  discussed i n  what fol lows.  
The Diagnostic System 
Due t o  t h e  fundamental advantages presen ted  by t h e  Raman 
s c a t t e r i n g  techniques  which have been d i scussed  a t  g r e a t  l e n g t h  
i 
i n  t h e  l i t e r a t u r e ,  an  a t t empt  has  been made t o  u t i l i z e  t h e s e  i n  
t 
I t h i s  work. It must be  po in ted  o u t  t h a t  t h e  Raman d i a g n o s t i c  t ech-  
i nique has been pioneered and u t i l i z e d  i n  t h i s  l abo ra to ry  f o r  a num- 
I 
b e r  of yea r s  a s  can be seen from t h e  Reference.  
I The t r a n s f e r a l  of t h e  technique t o  i n t e r n a l  combustion systems 
appeared t o  be a t r i v i a l  ma t t e r .  As it tu rned  o u t  t h e  acces s  p o r t s ,  
t h e  combustion products  and t h e  geometry o f  t h e  system combined 
t o  make t h i s  a very d i f f i c u l t  problem. 
I n  any case ,  t h e  Raman d i a g n o s t i c  system was chosen p r i m a r i l y  
for t h e  w e l l  known p r o p e r t i e s  of t h e  d i a g n o s t i c  t echniques ,  which 
kk i s  apparen t  p a r t i a l l y  from t h e  b a s i c  worlcing equa t ions :  
hvc Is v0+v and T = [ln - + 4 ln (-11 -1 
'as vo 
Thus the specie concentrations and their temperatures can be 
determined simultaneouslyt instantaneously and remotely. Since 
the Raman signals are independently and simultaneously measurable, 
there is no limit to the number of species that can be dis- 
tinguished in a mixture of species as long as the specific vibra- 
tional frequencies of the species involved are resolvable by the 
equipment available. 
The basic diagnostic arrangement is shown in Fig. 1. The 
number of the receiving stations is only limited by the number 
of available photomultiplier tubes, power supplies and data ac- 
quisition channels. A photographic view of the diagnostic system 
is shown in Fig. 2. 
The Experimental Apparatus 
As mentioned previously, one of the goals of this program 
was the development of a laser based diagnostic system for high 
pressure internal combustion. Due to a number of considerations 
such as laboratory space and location (enclosed laboratory with- 
out proper ventilation), it was decided to utilize methane as the 
principal fuel in a self-contained high pressure combustor. In 
this system shown in Fig. 3 the fuel and oxidant could be mixed 
to any desired concentration and to any given pressure beforehand. 
Therefore, the "fuel richn and 'fuel leann mixtures can easily be 
attained as well as the stoichiometric mixtures. In this chamber 
various blends of fuels and different oxidants may also be in- 
serted for analysis. Further, once the combustion has taken place, 
the by-products may be held indefinitely for continued analysis. 
Due to the size of the access ports (1/2D) only one specie at a 
time could be monitored in the present combustion configuration. 
Therefore N2 which is relatively stable in the combustion 
process was supposed to be used to obtain temperature information 
during the combustion process. To that end, the intensity of the 
Raman Stokes and the Raman anti-Stokes radiation were supposed to 
be recorded using two photomultiplier tubes focussed at the same 
point in the combustion chamber. The ratio of the scattered in- 
tensities would provide the temperature according to equation 2. 
As is evident from the schematic diagram of the diagnostic 
apparatus, Fig. 1, the laser utilized in this work was a Q- 
0 
switched ruby laser (6943A) of approximately 2.5 joule laser ener- 
gy at a pulse duration of approximately 20 nsec. This results in 
a laser pulse of 125 megawatt peak power. The Stokes line of N2 
at 8283; and the anti-Stokes line at 5976; were to be collected 
by 2 separate photomultipliers which were equipped with proper 
focussing lenses and narrow bandpass filters corresponding to the 
desired radiations and, in addition, to bandstop filters centered 
0 
at 6943Ato eliminate Rayleighand the radiation from the signals. 
Experimental Procedure 
The 'dimensions of the cylindrical combustor are given in 
Figure 3. The main problem concerning this particular experimental 
set up is being able to have the ruby laser pass through the com- 
bustor at the desired time during the interval of combustion. 
Therefore, some sort of triggering circuit based upon the time of 
the combustion is needed. At firfit an impulse from the ignition 
circuit which initiated the combustion was used to trip the laser 
i con t ro l  panel which can be armed t o  f i r e  and await  a t r i p p i n g  
I 
pulse. However, the re  were severa l  problems with t h i s  method. 
Due to t h e  high vol tage inherent  i n  the  i g n i t i o n  system a 
1 severe amount of e l e c t r i c a l  noise  was generated by coupling t h e  
i 
t r igge r ing  system t o  the l a s e r  cont ro l  panel. Further,  and a 
more c r u c i a l  problem than e l e c t r i c a l  noise  w a s  the f a c t  t h a t  t h e  
combustion i t s e l f  turned o t t  t o  be independent of t h e  i n i t i a t i n g  
spark impulse. That is, t h e  combustion could be only i n i t i a t e d  
a t  a des i red  time, but  the  time of maximum heat  r e l ease  from t h e  
po in t  of i n i t i a t i o n  was v a r i a n t  f o r  each successive separa te  com- 
bustion. This occurred desp i t e  the f a c t  t h a t  measured amounts 
of methane and a i r  were charged i n t o  t h e  combustor f o r  each sam- 
ple .  The reasons f o r  the  var iable  time of maximurn h e a t  r e l ease  
contain many fac to r s ,  two major ones being i n t e r n a l  mixing and 
temperature increase of t h e  combustor a f t e r  each successive ex- 
plosion. There is  v i r t u a l l y  no means to  cont ro l  these  f ac to r s .  
As a r e s u l t ,  s ince  t h e  l a s e r  would be t r ipped invar i an t ly  with 
each i g n i t i o n  impulse, the  a c t u a l  l a s e r  beam f i r e d  a t  d i f f e r e n t  
times during the  combustion process f o r  each sample, giving un- 
r e l a t e d  sets of data.  
A more e a t i s f a c t o r y  method was needed t o  t r i p  the  l a s e r .  
I. Many methods were t r i e d  but  the  most successfu l  proved t o  be I.: using a photodiode s e t  i n  f r o n t  of a small viewing window d i rec t -  l y  i n  the  chamber wall.  Now the  system could be s o  arranged a s  f ' .  t o  t r i p  the  l a s e r  a t  the  maximum output s i g n a l  of the  diode 
e :  a t  the  maximum l i g h t  and heat  output of the  combustion 
process) completely independent of when the mixture was i g n i t e d  
e o r  how long combustion l a s t e d  (see Fig. 4 ) .  
k Severa l  advantages were a l s o  gained by us ing  t h e  system 
ahown i n  Figure  4. F i r s t l y ,  s i n c e  a photodiode was being used 
I 
t o  t r i p  t h e  system, by monitoring t h e  complete ou tpu t  o f  t h e  
I 
photodiode dur ing t h e  combustion process  on a s to rage  o s c i l -  
loscope,  one could maintain a record of t h e  r e l a t i v e  i n t e n s i t y  
as w e l l  as t h e  dura t ion  of  t h e  combustion i n d i r e c t l y  through 
the to ta l  l i g h t  ou tpu t  of  t h e  explosion.  
Another advantage of  t h e  given system i n  Fig. 4 is t h a t  
us ing the  photodiode s i g n a l  t o  t r i p  an osc i l l o scope  wi th  a v a r i -  
a b l e  delayed ou tpu t  s i g n a l  (as shown i n  diagram),  then us ing  
t h a t  s i g n a l  t o  t i p  t h e  l a s e r ,  one can "sweepn through t h e  combus- 
t i o n  process  by varying the delayed s i g n a l  from t h e  osc i l l o scope  
and monitoring it a g a i n s t  t h e  photodiode s i g n a l .  
The laser photodiode shown i n  Fig.  4 i s  used t o  monitor laser 
energy and arm t h e  o sc i l l o scope  shown t o  r ece ive  s i g n a l s  from t h e  
p b t o t u b e s .  An iris is used to  narrow t h e  laser beam to  prevent  
s c a t t e r i n g  i n s i d e  t h e  s t a i n l e s s  steel combustor; a lens .  i s  used 
t o  focus down t h e  laser beam i n t o  t h e  combustor i n  o rde r  to  
s t rengthen  the Raman s igna l s .  
Experimental Resul ts  
As mentioned i n  t h e  previous s e c t i o n ,  it was poss ib l e  t o  de lay  
t h e  f i r i n g  of t h e  l a s e r  to any des i r ed  time dur ing  t h e  combustion. 
A delay of about 140 ms. f i r e d  t h e  laser a t  the maximum hea t  re -  
l e a s e  of t h e  combustion. However, i n  Fig .  5, a s  a re fe rence ,  a r e  
shown readings  of t h e  combustor evacuated (background reading)  and 
t h e  -%an Stokes s i g n a l  of methane and a i r  before  i g n i t i o n ,  which .'.., 
are w e l l  above t h e  background, due mostly t o  s c a t t e r i n g  and r e f l e c -  
. .  t i o n s  o f f  t h e  chamber w a l l s  o f  t h e  primary beam. 
f n  Figure 6,  t h e  photograph on t h e  r i g h t  has  two traces: I 
t h e  one on t o p  shows t h e  evolu t ion  of t h e  cornbusfion i n  terms of  
t h e  photodiode (a t  t h e  combustor) ou tpu t .  The bottom trace show. I 1 
where t h e  varying de lay  pu lse  t o  f i r e  t h e  laser is  set, By moving 
t h i s  pu lse  anywhere a long  t h e  h o r i z o n t a l  t r a c e ,  t he  laser can be 
i 11 
f i r e d  a t  any t i m e  dur ing  t h e  explosion.  However, even wi th  ze ro  I 
I 
I 
delay,  t h e  earliest t h e  t r i g g e r  pu l se  can a r r i v e  a t  t h e  laser is 
I 
100 ms. due t o  i nhe ren t  i n t e r n a l  de lays  i n  the e n t i r e  system. This  i 
1 
1 i s  the case i n  Fig. 6. Note, however, from t h e  photodiode t r a c e ,  i 
1 
that even a t  100 ms. delay ,  t h e  combustion has  b a r e l y  developed. I 
Therefore,  t h i s  would be a good p l ace  t o  s t a r t  a "sweep* through ; 1 
t h e  combustion by varying t h e  t r i g g e r  pu l se  t o  t h e  laser for each ! : 
combustion cycle .  Note the d i f f e r e n c e  i n  p r o f i l e  i n  t h e  photodiode 1 ! 
1 
trace i n  Fig. 6 and i n  subsequent traces i n  Fig. 7 for example. 1 
This is  due t o  t h e  aforementioned va r i ance  of completion of combus- 
t i o n  i n  each case.  
Most important ly ,  however, is the lack  of a no t i ceab le  Raman 1 
I 
Stokes' s igf ia l  i n  t h e  left-hand photographs i n  Figs .  6 and 7. 1 j 1 
Theory p r e d i c t s  t h e  decrease  of  the Stokes s i g n a l  dur ing  combustion 
b u t  n o t  t h e  absence of one. Also no te  t h e r e  is no d i sce rnab le  
change i n  t h e  zero s i g n a l  reading dur ing  most of  t h e  Raman Stokes  
"sweep" u n t i l  Fig. 8 a t  which p o i n t  most of t h e  combustion has  
taken place .  Here, t h e  sweep seems t o  be recover ing some type  of 
s i g n a l  which grows as t h e  conbustion d i e s  ou t .  This  is shown i n  
Fig. 9 ,  where a number of  s i g n a l s  have been asperimposed co r r e s -  
ponding t o  varying de l ays  a f t e r  t h e  combustion peak. The same 
process  has  been followed i n  t h e  c a s e  of ant i -Stokes  l i n e s  w i th  I 
t h e  same r e s u l t s .  
Conclusion 
The unexpected da ta  obtained during t h i s  experiment were 
very confusing and many suggestions were forxned as to  t h e  poss ib le  
causes. 
After  a process of e l iminat ion of a number of suggestionr,  
f i n a l l y  one emerged which could not  be t o t a l l y  disapproved: 
the water vapor formed as a by-product of combustion apparent ly 
0 
was absorbing the  ruby l a s e r  l i n e  (6943A) before it could even e f -  
fect a Raman s h i f t  i n  nitrogen. Even t h e  background s i g n a l s  o r  
r e f l e c t i o n s  and s c a t t e r i n g  e f f e c t s  of the combustor i n t e r i o r  were 
a l s o  being absorbed by the  water vapor. Therefore, a complete 
zero s igna l  was being obtained. 
Besides the  s c a t t e r i n g  e f f e c t  of the  water drople ts ,  t h e  l i g h t  
coming from t h e  combustion i t s e l f  which was mentioned b r i e f l y  be- 
f o r e  can a l s o  be a source of t rouble.  Noting Fig. 10, w e  see t h a t  
t h e  combustion l i g h t  spectrum does not  appear t o  be p a r t i c u l a r l y  
0 
in tense  except i n  t h e  in f ra red  region (around 7000A). These par- 
t i c u l a r  photographs were taken with Tracor Northern's i n t e n s i f i e d  
0 
diode a r ray  de tec tor  system. From Fig. 10 w e  see t h a t  a t  8283A 
(NZ Stokes l i n e )  the i n t e n s i t y  corresponds t o  8689 "countsn,  com- 
pared t o  21554 ncountsn a t  the  7132; l i n e  (which is  t o  be expected 
i n  a hot  combustion) . 
Now r e c a l l i n g  the Raxnan N2 Stokes s i g n a l  from Fig. 5 a s  approx- 
0 
imately 0.3 v o l t s ,  w e  can compare t h e  two i n t e n s i t i e s  of the  8283A 
l i n e ,  one from the  Raman Stokes s igna l ,  t he  o the r  form the  combus- 
t i o n  spectrum. W e  f ind: 
I 
COMBUSTION SPECTRUM RAMAN STOKES SIGNAL i 
1 
6 i 8689 "countsw = 1.497721 x 10 photons 0.3 v. - 9.375 x l o 5  photons 1 
So we see i n  t h i s  p a r t i c u l a r  case t h e  r a d i a t i o n  from the 
combustion l i g h t  a t  8283; is a c t u a l l y  g r e a t e r  than the Stokes  sip- 
0 
nal a t  8283A before  combustionl We can a c t u a l l y  expec t  a worm 
condi t ion  than t h i s  s i n c e  t h e  Stokes s i g n a l  w i l l  Cecrease somewhat 
d u r i n p  combustion (a  comparison of 5976; [ t he  ant i -Stokes  l i n e ]  is 
n o t  poss ib l e  s i n c e  t h e  Raman anti-Stokes d a t a  could n o t  be ob ta ined  
- -  dur ing  combustion and cannot be obtained i n  a cool gas). However, 
t h i s  s i t u a t i o n  c r e a t e s  a paradox. I f  t h e  s i g n a l  from t h e  combus- 
t i o n  spectrum would be g r e a t e r  than t h e  Raman s i g n a l  itself, why 
doesn ' t  t he  phototube r e g i s t e r  an ou tpu t  vo l t age  hstead of zero? 
This  ques t ion  and t h e  problem of the water vapor i t s e l f  remain t o  
be resolved.  
Future  Considerations 
Here a r e  some ways i n  which some problems may be overcome or 
d i f f e r e n t  approaches used i n  t h i s  type of  experiment: 
1. Ins tead  of monitoring n i t rogen  (N2) t o  observe the temperature 
dur ing  the  combustion, use  water (H20) s i n c e  wate r  is a l s o  Raman 
a c t i v e .  There should be s u f f i c i e n t  water  vapor generated a t  t h e  
maximum h e a t  release p o i n t  t o  rece ive  both water Rsman l i n e s .  
0 
2. Monitor n i t rogen  b u t  use a l i g h t  source  o t h e r  than t h e  (6943A) 
which p re fe rab ly  is  n o t  t o t a l l y  absorbed by water. Since green is  
a l i n e  n o t  r e a d i l y  absorbed by water a doubled Nd yag laser might 
be a good choice.  Fur ther ,  a pulsed,  h igh- repe t i t ion  Nd yag l a s e r  
would a l low close i n t e r v a l  monitoring of  t h e  evo lu t ion  o f  t h e  com- 
bus t ion  temperature change and poss ib ly  t h e  varying p re s su re  and 
dens i ty  associated with the propagating explosion shock f r o n t .  
3. Analyze the  temperature of t h e  e n t i r e  combustion d i r e c t l y  by 
u t i l i z i n g  t h e  monitoring o f  t h e  e n t i r e  r a d i a t i o n  spectrum re l ea sed  
& 
1 
t k  li during combustion. Find c o r r e l a t i o n s  between weak and s t r o n g  corn- 
buutions and the intensity of  the l i gh t  radiation releared. Re- 
l a t e  the absence or prerence of  certain rpacion to rpeci f ic  
changes i n  the combustion spectrum prof i le .  Obtain the l i gh t  
spectrums of several fue l s  and compare for rixnilaritiea, i f  any. 
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N02 6597: 10493 '2' 5 5 3 8  :I0044 
BACKROUND 
AVERAGE 
REPEAT COMBUSTION SPECTRUM: 
HIGHEST PEAK : 7132 
S : 7380 S :  11618 
N2 AS: 12098 '2 AS:  12860 
S : 14535 s :  --- 
Cot A S :  1 1  960 CH4 AS: 11243 
S , 2 0 2 3 7  s: - - -  
AS : 12967 H20 AS: 11630 
FIG 10 COMBUSTION SPECTRUM (CH - AIR) 
(ARRAY DETECTOR) 
